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Description 



HYBRID ELECTRIC VEHICLE WITH 
VARIABLE DISPLACEMENT ENGINE 

Cross Reference to Related Applications 

[0001] This application is a division of U.S. application Serial No. 
09/547,275 filed April 11, 2000. 
Background of Invention 

[0002] 1. Field of the Invention 

[0003] jhis invention relates to a hybrid electric vehicle and more 
particularly, to a hybrid electric vehicle having a variable 
displacement engine which provides for improved fuel 
economy and load performance. 

[0004] 2. Background Art 

[0005] Various types of automotive vehicles have been designed 
and manufactured for the purpose of improving fuel 
economy. One type of vehicle, commonly known as a hy- 
brid electric vehicle ("HEV"), utilizes both an internal com- 
bustion engine and one or more electric motors to gener- 



ate power and torque. The electric motor(s) within a hy- 
brid electric vehicle provides the vehicle with additional 
degrees of freedom in delivering the driver-demanded 
torque. Particularly, hybrid electric vehicles may have the 
flexibility of using the electric motor(s) as the sole source 
of torque at low load operating conditions. Additionally, at 
relatively high loads, a hybrid electric vehicle can employ 
or activate both the internal combustion engine and the 
electric motor(s) to supply the driver-demanded torque. 
Due to the ability of the electric motor(s) to augment the 
engine generated torque at high load operating condi- 
tions, hybrid electric vehicles typically employ relatively 
small or "downsized" internal combustion engines, which 
provide for improved fuel economy. 
[0006] one drawback associated with these hybrid electric type 
vehicles is that the electric motors used within these vehi- 
cles receive power from an electrical energy storage de- 
vice (e.g., a battery) which becomes depleted over time. 
When the electrical energy storage device or battery be- 
comes depleted, the motors are no longer able to supple- 
ment the engine to deliver relatively high amounts of 
torque. This especially presents a problem in steady state 
high load situations (e.g., when towing or hauling heavy 



cargo), as the propulsion system (e.g., the engine and 
electric motor) may not be able to deliver the desired or 
demanded torque consistently and/or over an extended 
period of time. Thus, when high load steady state perfor- 
mance is required within a vehicle (e.g., within large 
trucks, sport-utility vehicles, and other vehicles that are 
often used for towing or hauling), the vehicle's engine 
cannot be "downsized" and the hybridization-related fuel 
economy benefits cannot realized to the maximum poten- 
tial. 

[0007] Another type of vehicle, known as a variable displacement 
engine ("VDE") type vehicle, conserves fuel by selectively 
disabling or deactivating some of the engine's cylinders 
under certain operating conditions. Particularly, during 
low engine load operation, a VDE type vehicle conserves 
fuel by operating on only some of the engine's cylinders 
(e.g., on four, five, six, or seven of eight cylinders). During 
relatively high speeds and/or high load operation, a VDE 
type vehicle can meet the driver-demanded speed and/or 
torque by operating on all of the engine's cylinders (e.g., 
on eight of eight cylinders). While these VDE type vehicles 
improve fuel economy and provide the torque required to 
satisfy relatively high load operation, they suffer from 



some drawbacks. 
[0008] For example and without limitation, during relatively low 
and/or transient load operation (e.g., when the operating 
load varies significantly over a short period of time), the 
power train of a VDE type vehicle frequently shifts be- 
tween various cylinder operating modes (e.g., the engine 
shifts between four, six, eight and ten cylinder operation). 
This frequent shifting between cylinder operating modes 
results in noise and vibration harshness ("NVH") problems 
which are perceivable by the driver and which give the ve- 
hicle a "rough", "inconsistent" and/or "non-responsive" 
feel or ride. 

[0009] There is therefore a need for a vehicle which provides an 
improved fuel economy, which provides steady state high 
load performance, and which operates smoothly and re- 
sponsively under transient load conditions. 
Summary of Invention 

[0010] it is a first object of the invention to provide an automo- 
tive vehicle which overcomes at least some of the previ- 
ously delineated drawbacks of prior automotive vehicles. 

[° 01 1 ] It is a second object of the invention to provide an auto- 
motive vehicle which delivers and/or generates torque by 
use of a variable displacement engine and by use of one 



or more electric motors. 

[0012] it j S a third object of the invention to provide a hybrid 
electric vehicle having a variable displacement engine 
which allows the vehicle to perform under steady state 
high load operating conditions, while maintaining an im- 
proved fuel economy under relatively low or moderate 
load operating conditions. 

[0013] it is a fourth object of the invention to provide an auto- 
motive vehicle having a variable displacement engine and 
which utilizes an electric motor to generate torque when 
operating under transient loads, thereby reducing the fre- 
quency of cylinder activation and deactivation within the 
variable displacement engine. 

[0014] According to a first aspect of the present invention, a hy- 
brid electric vehicle is provided. The hybrid electric vehicle 
includes a drive line; a battery which stores an amount of 
electrical charge and which selectively provides electrical 
power; and a sensor which is coupled to the battery and 
which is effective to estimate the amount of electrical 
charge and to generate a first signal based upon the esti- 
mated amount of electrical charge. The vehicle further in- 
cludes an electric motor which is operatively coupled to 
the battery and to the drive line, which receives the elec- 



trical power from the battery, and which selectively pro- 
vides torque to the drive line, and a variable displacement 
engine which is operatively coupled to the drive line and 
which selectively provides torque to the drive line. A con- 
troller is communicatively coupled to the variable dis- 
placement engine, to the electric motor, and to the sen- 
sor. The controller is effective to determine a requested 
torque to be provided to the drive line, to receive the first 
signal, and to partition the requested torque into an en- 
gine torque and a motor torque, based upon the first sig- 
nal. The controller is further effective to cause the electric 
motor to provide the motor torque to the drive line, and 
to cause the variable displacement engine to provide the 
engine torque to said drive line. 
[0015] According to a second aspect of the present invention, a 
method of delivering torque to a vehicle drive train is pro- 
vided. The method includes the steps of providing a vari- 
able displacement internal combustion engine which se- 
lectively delivers torque to the drive train; providing a mo- 
tor which selectively delivers torque to the drive train; 
providing an electrical charge storage device which sup- 
plies electrical energy to the motor; estimating an amount 
of charge which is held within the electrical charge stor- 



age device; receiving at least one signal from a driver- 
operated control; calculating a torque value based upon 
the at least one signal; partitioning the torque value into a 
desired motor torque and a desired engine torque based 
upon the estimated amount of charge and the torque 
value; causing the motor to deliver the desired motor 
torque to the drive train; and causing the variable dis- 
placement internal combustion engine to deliver the de- 
sired engine torque to the drive train, thereby powering 
the vehicle. 

[0016] These and other features, aspects, and advantages of the 
invention will become apparent by reading the following 
specification and by reference to the following drawings. 
Brief Description of Drawings 

[0017] Figure 1 is a block diagram of a vehicle including a 

propulsion system which is made in accordance with the 
teachings of a preferred embodiment of the present in- 
vention; 

[0018] Figure 2 is a block diagram illustrating the operational 

functionality of the propulsion system utilized within the 
vehicle shown in Figure 1; and 

[0019] Figure 3 is a block diagram illustrating one non-limiting 
example of the partitioning function performed by the 



propulsion system shown in Figure 1. 
Detailed Description 

[0020] Referring now to Figures 1 and 2, there is shown an auto- 
motive hybrid electric vehicle 10 having a propulsion sys- 
tem 12 which is made in accordance with the teachings of 
the preferred embodiment of the present invention. 
Propulsion system 12 includes an electric machine or mo- 
tor 14, which is operatively coupled to a conventional 
electrical energy storage device 15 (e.g., a battery or other 
electrical energy storage device), and a variable displace- 
ment internal combustion engine 16. Electric motor 14 
and engine 16 are each selectively and operatively cou- 
pled to the vehicle's driveline or drive train 17 (e.g., to the 
drive shaft of the vehicle) and cooperatively deliver power 
and torque to the drive train 17, thereby powering the ve- 
hicle 10. A control system or controller 18 is electrically 
and communicatively coupled to conventional user or 
driver operated controls or components 20 and to con- 
ventional vehicle operating condition sensors 22. As de- 
scribed more fully and completely below, controller 18 re- 
ceives signals and/or commands generated by controls 20 
and sensors 22, and processes and utilizes the received 
signals to determine the amount of torque which is to be 



provided to the vehicle's drive train 17 and to selectively 
cause motor 14 and engine 16 to cooperatively provide 
the desired torque to the drive train 17. 
[0021] | n the preferred embodiment of the invention, electric 
machine or motor 14 is a conventional electric motor- 
generator unit which is adapted for use in a hybrid electric 
vehicle. Electric motor-generator 14 is operatively coupled 
to the drive shaft (not shown) of the vehicle 10 in a known 
and conventional manner. In alternate embodiments, mo- 
tor-generator 14 is operatively and conventionally cou- 
pled to other portions of the drive train or drive line 17 of 
the vehicle 10 (e.g., to one or more of the axles or differ- 
ential gear units of vehicle 10), and to other mechanical 
components of vehicle 10. In other alternate embodi- 
ments, propulsion system 12 may include several motor- 
generators. Motor-generator 14 selectively provides 
torque to the drive shaft or drive train 17 of vehicle 10, 
thereby selectively powering vehicle 10. Electric motor- 
generator 14 also functions as a motor to convert drive 
train energy into electrical energy which is used to electri- 
cally power various electrical components of vehicle 10. 
Electrical charge storage device 15 supplies power to mo- 
tor-generator 14 and can further be used to recover and 



store during vehicle braking. While the following descrip- 
tion is made with reference to the motor-generator 14, it 
should be appreciated that other types of electric ma- 
chines or motor-generators may be used in combination 
with the variable displacement engine 16 to deliver torque 
to the drive train 17 of vehicle 10. 
[0022] | n alternate embodiments, motor 14 may comprise a pair 
of motor-generators arranged in a conventional "dual- 
split" or "power-split" type hybrid configuration. Particu- 
larly, in such alternate embodiments, the engine (e.g., en- 
gine 16) and the pair of motor-generators are intercon- 
nected by use of a conventional planetary gear set or sys- 
tem, which is operatively coupled to and transfers torque 
and power to the vehicle's drive train (e.g., to the vehicle's 
drive shaft). 

[0023] Variable displacement engine 16 is a conventional multi- 
cylinder internal combustion variable displacement engine 
which includes several cylinders (e.g., four, six, eight, ten 
or more cylinders) and which is capable of operating on 
less than a full complement of cylinders. That is, engine 
16 is able to selectively disable or deactivate one or more 
cylinders and operate on less than all of its cylinders to 
conserve fuel at relatively light or low load operating con- 



ditions. In one non-limiting embodiment, engine 16 com- 
prises the variable displacement engine which is described 
in United States Patent Number 5,490,486 of Diggs which 
has been assigned to the present assignee. Engine 16 is 
operatively coupled to the driveline or drive train 17 (e.g., 
to the drive shaft) of vehicle 10 in a known and conven- 
tional manner and selectively provides torque to the drive 
train 17 of vehicle 10, thereby powering vehicle 10. 
[0024] | n the preferred embodiment, control system 18 includes 
several microprocessors or controllers 24, 26 and 28 as 
well as other chips and integrated circuits which coopera- 
tively control the operation of propulsion system 12. Con- 
trollers 24, 26 and 28 comprise commercially available, 
conventional, and disparate chips or devices, which are 
operatively and communicatively linked in a cooperative 
manner. Controllers 24, 26 and 28 each include perma- 
nent and temporary memory units, which are adapted to 
and do store at least a portion of the operating software 
which directs the operation of control system 18. In one 
non-limiting embodiment, controllers 24, 26 and 28 are 
embodied within a single controller, chip, microprocessor 
or device. Controller 26 is a conventional controller of the 
type which is used to control an HEV motor-generator, 



and controller 28 is a conventional controller of the type 
which is used to provide control to a variable displace- 
ment engine. As described more fully and completely be- 
low, controller 24 is effective to determine the total 
amount of torque which is to be provided or delivered to 
drive train 17 and to partition or divide the total amount 
of torque between motor 14 and engine 16. Controller 24 
selectively stores information and data, including infor- 
mation associated with the operation of the invention 
such as data defining engine and cylinder operating con- 
ditions, engine loads, vehicle speeds, state-of-charge 
conditions of battery 15, and other data, which are used 
by controller 24 to determine the amount of torque which 
should be provided to drive train 17 by motor 14 and by 
engine 16. 

[0025] Driver operated controls 20 comprise a plurality of con- 
ventional and commercially available switches, devices 
and other components which accept user or driver se- 
lected inputs, thereby allowing the user or driver to oper- 
ate vehicle 10. In one non-limiting embodiment of the in- 
vention, controls 20 include without limitation a vehicle 
accelerator or "gas pedal", a vehicle shifter which allows 
the driver to select between one or more operating speeds 



or gear engagements, a brake pedal, and a speed control 
system. Controls 20 provide commands and/or operating 
data to control system 18 which utilizes these commands 
or data to determine the amount of torque which is to be 
delivered by vehicle 10 and to selectively cause motor 14 
and engine 16 to cooperatively provide the desired 
torque. 

[0026] Sensors 22 comprise a plurality of conventional and com- 
mercially available sensors which measure and/or acquire 
information pertaining to the motor 14, electrical charge 
storage device 15, engine 16 and vehicle 10 (e.g., vehicle 
operating condition data). In the preferred embodiment of 
the invention, sensors 22 include one or more conven- 
tional vehicle and/or engine speed sensors and one or 
more sensors adapted to estimate the amount of charge 
remaining within battery 15. Sensors 22 generate one or 
more signals to controller 18 based upon these measured 
and/or estimated values. Particularly, sensors 22 provide 
vehicle operating data to control system 18 which utilizes 
this data to determine the amount of torque which is to be 
delivered to drive train 17 and to selectively cause motor 
14 and engine 16 to cooperatively provide the desired 
torque. 



[0027] | n operation, control system 18 (i.e., propulsion controller 
24) receives commands, data, and/or signals from driver 
operated controls 20 and from vehicle sensors 22. Based 
upon this received data, propulsion controller 24 calcu- 
lates or determines the overall amount of torque which is 
being demanded or requested by the driver/user of the 
vehicle 10, as illustrated in functional block or step 30. In 
one non-limiting embodiment, this overall "desired" 
torque calculation or determination is made by use of 
conventional algorithms and/or by referencing conven- 
tional database tables or matrixes stored within controller 
24. 

[0028] once the overall "desired" or "demanded" torque has been 
calculated, controller 24 proceeds to functional block or 
step 32, and determines the amount or percentage of the 
desired torque which is to be provided by motor 14 (e.g., 
the "desired motor torque") and the amount or percentage 
of the desired torque which is to be provided by engine 
16 (e.g., the "desired engine torque"). Particularly, con- 
troller 24 determines the most efficient use of the torque 
providing sources (i.e., motor 14 and engine 16), and par- 
titions or divides the demanded torque in a manner which 
balances fuel economy and vehicle performance. One 



non-limiting example of this "partition" function or strat- 
egy performed by controller 24 is illustrated by flow dia- 
gram 50 shown in Figure 3. 
[0029] Referring now to Figure 3, controller 24 receives the de- 
sired or demanded torque in functional block or step 52. 
Controller 24 then determines whether electrical power is 
available (e.g., within battery 15) to allow motor 14 to 
provide torque to the drive train 17, as illustrated in func- 
tional block or step 54. In one non-limiting embodiment, 
controller 24 determines whether electrical power is avail- 
able by estimating the amount of charge remaining within 
battery 15 and comparing the measured amount or value 
to a predetermined value stored within controller 18. If 
electrical power is not available, controller 24 proceeds to 
functional block or step 56, otherwise controller 24 pro- 
ceeds to functional block or step 58. In step 56, controller 
24 determines whether the requested torque exceeds a 
"VDE mode" threshold torque value. If the requested 
torque exceeds the "VDE mode" threshold value, con- 
troller 24 "partitions" or allocates all of the requested 
torque to engine 16 (e.g., the "desired motor torque" is 
set to zero), and causes engine 16 to run in "ICE mode", 
as illustrated in functional block or step 60. Particularly, 



controller 24 sends a signal to engine 16 which is effec- 
tive to activate all of the cylinders of the engine 16 and to 
deactivate the "variable displacement" function of engine 
16. Thus, when operating in "ICE mode", engine 16 runs 
on a full complement of cylinders (e.g., on ten of ten 
cylinders). 

[0030] |f the requested torque does not exceed the "VDE mode" 
threshold value, controller 24 partitions or allocates all of 
the requested torque to engine 16, and causes engine 16 
to run in "VDE mode", as illustrated in functional block or 
step 62. When operating in "VDE mode", engine controller 
34 determines the number of cylinders (e.g., the cylinder 
operating mode) that is required to deliver the requested 
torque to drive train 17 and activates only that number of 
cylinders. 

[0031] By use of the above-described partition strategy, system 
10 causes engine 16 to operate on all cylinders and to 
provide a maximum amount or percentage of torque to 
drive train 17 during operating conditions in which the 
battery 15 has been "drained" or discharged. It should be 
appreciated that these types of operating conditions (e.g., 
where battery 15 has been drained) correspond to steady 
state high load operating conditions. System 12 thus pro- 



vides all of the requested torque through engine 16 dur- 
ing relatively high load operating conditions where engine 
16 is the most efficient torque providing source. More- 
over, the strategy 50 used by system 12 further substan- 
tially prevents engine 16 from changing between cylinder 
operating modes unless necessary, thereby reducing the 
frequency that cylinders are activated and deactivated 
within engine 16. 
[0032] The value of the "VDE mode" threshold is stored within 

controller 24 and may be a dynamic value (e.g., a function 
of vehicle speed or engine speed). In one non-limiting 
embodiment, controller 24 compares the requested 
torque to several different "VDE mode" thresholds, which 
each corresponds to a unique cylinder operating mode of 
engine 16. 

[0033] if electrical power is available in step 54, controller 24 

proceeds to functional block or step 58. In step 58, con- 
troller 24 determines whether the requested torque ex- 
ceeds an "EM mode" threshold value. If the requested 
torque does not exceed the "EM mode" threshold value, 
controller 24 "partitions" or allocates a maximum amount 
or percentage (e.g., 100%) of the requested torque to mo- 
tor 14 and causes system 12 to run solely in "EM mode", 



as illustrated in functional block or step 64. When only 
"EM mode" is activated (i.e., when neither "VDE mode" nor 
"ICE mode" is concurrently activated), torque is provided 
solely by motor 14 and engine 16 can be "shut off" or dis- 
abled. In this manner, propulsion system 12 utilizes mo- 
tor 14 to provide all of the requested torque during "low 
load" operating conditions, where the engine 16 is most 
inefficient, thereby conserving fuel. The value of the "EM 
mode" threshold is stored within controller 24 and may be 
a dynamic value (e.g., a function of vehicle speed or en- 
gine speed). 

[0034] |f the requested torque does exceed the "EM mode" 
threshold value, controller 24 proceeds to functional 
block ^or step 66, and determines whether the requested 
torque exceeds the "VDE mode" threshold value. If the re- 
quested torque exceeds the "VDE mode" threshold value, 
controller 24 causes propulsion system 12 to run in "ICE 
mode" and "EM mode", as illustrated in functional block or 
step 68, and "partitions" or allocates a maximum amount 
or percentage of the requested torque to engine 16. When 
operating in "ICE mode" and "EM mode", propulsion sys- 
tem 12 utilizes all cylinders of engine 16 as well as motor 
14 to provide torque to the vehicle drive line 17. 



[0035] |f the requested torque is not greater than the "VDE mode" 
threshold value (e.g., during moderate and/or transient 
load operating conditions), controller 24 proceeds to 
functional block or step 70, and causes the propulsion 
system to operate in "EM mode" and "VDE mode". When 
operating in "EM mode" and "VDE mode", controller 24 
partitions or allocates the requested torque between mo- 
tor 14 (i.e., the desired motor torque) and engine 16 (i.e., 
the desired engine torque) based upon the value of the 
requested torque. In one non-limiting embodiment, the 
torque partition or allocation is computed or determined 
by use of one or more database tables or matrixes stored 
within controller 24. When the requested torque changes 
relatively rapidly (e.g., during transient load operating 
conditions), controller 24 allocates the majority of the 
transient torque values or response to motor 14 and 
maintains the torque allocated to engine 16 relatively 
constant. In this manner, controller 18 substantially pre- 
vents engine 16 from frequently shifting between cylinder 
operating modes (i.e., the frequent activation and deacti- 
vation of the cylinders), and achieves a smoother and 
more responsive performance. 

[0036] it should be appreciated that the above-described torque 



partitioning function does not limit the scope of the in- 
vention, and that in other alternate embodiments, con- 
troller 24 performs other steps and considers different 
and/or additional vehicle operating attributes, conditions 
and other factors when partitioning or allocated the de- 
manded torque. 

[0037] once the demanded torque has been "partitioned", con- 
troller 24 generates a signal representing the desired "mo- 
tor torque" to motor controller 26, and a signal represent- 
ing the desired "engine torque" to engine controller 28. 
Motor controller 26 receives the desired "motor torque" 
and generates a control signal to motor 14 which is effec- 
tive to cause motor 14 to produce and/or deliver the de- 
sired torque to drive train 17. 

[0038] Engine controller 28 receives the desired "engine torque" 
and determines the number of cylinders which are re- 
quired to provide the requested torque (e.g., the cylinder 
operating mode of engine 16), as illustrated in functional 
block or step 34. In functional block or step 36, engine 
controller 28 selectively deactivates or disables any cylin- 
ders which are not "necessary" to provide the desired 
torque, or selectively activates or enables and cylinders 
which are "necessary" to provide the desired torque. In 



functional block or step 38, controller 28 generates a 
control signal to engine 16 which is effective to control 
the timing and operation of engine 16 and to cause en- 
gine 16 to produce and/or deliver the desired torque to 
drive train 17. 

[0039] it should be appreciated that the combination of a hybrid 
electric vehicle and a variable displacement engine pro- 
vides significant advantages over prior systems. For ex- 
ample and without limitation, prior hybrid electric vehicles 
require a "downsized" or relatively small engine to achieve 
improved fuel economy. This "downsized" or relatively 
small engine substantially prevents hybrid electric vehicles 
from performing under steady state high load operating 
conditions. The integration of a variable displacement en- 
gine within the present invention allows the hybrid electric 
vehicle 10 to perform under steady state high load oper- 
ating conditions (e.g., by activating all of the engine's 
cylinders), while still allowing the vehicle 10 to achieve 
improved fuel economy under low load operating condi- 
tions (e.g., by disabling one or more cylinders of the vari- 
able displacement engine). Hence, instead of "downsizing" 
a hybrid electric vehicle's engine to realize fuel economy 
benefits, the present invention integrates a variable dis- 



placement engine to efficiently deliver low torque, while 
maintaining the ability to deliver high torque when neces- 
sary. 

[0040] The present invention further solves the problems associ- 
ated with variable displacement engines which relate to 
the frequent shifting between cylinder operating modes 
during transient load operating conditions and NVH issues 
at low loads. Particularly, by allowing the electric motor to 
meet the transient torque demands in these types of op- 
erating conditions, the torque which is provided by engine 
16 can be held relatively constant, thereby preventing the 
frequent shifting between cylinder operating modes within 
the engine 16 and giving vehicle 10 a "smoother" and 
more responsive "feel" and ride. Thus, the integration of a 
hybrid electric vehicle and a variable displacement engine 
provided by the present invention expands the range of 
operating loads in which the vehicle can operate efficiently 
without while maintaining the quality of vehicle perfor- 
mance. 

[0041] | t j S understood that the invention is not limited by the 
exact construction or method illustrated and described 
above, but that various changes and/or modifications may 
be made without departing from the spirit and/or the 



scope of the inventions. 



